The theoretical design and experiment research on the YAG/Nd:YAG/YAG composite ceramic slab laser amplifier were conducted. The numerical analysis was used to obtain the design of YAG/Nd:YAG/YAG composite ceramic slab. A high optical quality composite ceramic slab with two different doping concentrations was fabricated successfully. The double-pass extracted power in composite ceramic slab laser amplifier reached 7.08 kW, and the optical-to-optical conversion efficiency increased to 39.2% under the total diode pump power of 18.06 kW. The depolarization of single-pass transmission was about 3.2% and the peak and valley of the transmission wave-front distortion among the center 26.1-mm region in the width direction of the laser slab was less than 0.5 μm at the double-pass extracted power of 7.08 kW.
Introduction
Due to the widespread application prospects of the solid laser in communication, military affairs, and private industry, new laser materials have been developed to increase laser performance. Solid state laser materials mainly include laser crystal, laser glass, and laser ceramic. According to its comprehensive performance, the Nd:YAG laser crystal is still the best and the most widely used laser material to date. The Nd:YAG laser crystal is mainly grown by the Czochralski method, with the disadvantages of a long growth cycle, high-cost, low doping concentration, and limited usable size, which restrict its application. Although laser glass has low-cost, large size, and high optical uniformity, it generates serious thermal distortion when the laser glass is working at high average power, due to its very low thermal conductivity.
When compared to the laser crystal and laser glass, laser ceramic has many advantages such as high doping concentration, high optical uniformity, short fabrication cycle, low cost, large size and composite structures, as well as high thermal conductivity and high damage threshold. With the continuous improvement on fabricating the laser ceramic the scattering loss of the laser ceramic has been reduced to a very low degree, and the various ceramic lasers deliver excellent performances [1] - [10] . At present the composite Nd:YAG crystal slab is fabricated by bonding non-doped YAG crystal as the end caps together with the doped YAG crystal, so there are several obvious interfaces. The bonding quality of the interfaces greatly influence the depolarization of the slab laser. In the high power laser amplifier multiple bonded interfaces will cause a reduction of laser transmission efficiency, and even produce a strong reversely transmitted laser. A composite ceramic slab can be fabricated by the vacuum sintering process without any obvious interface, so the ceramic laser will have better performance on controlling the depolarization and isolating the reversely transmitted laser. In March 2009 the Joint High Power Solid-State Laser achieved an average power in excess of 100 kW with seven MOPA chains tiling together. Every chain included four conduction-cooled, end-pumped slab (CCEPS) modules and the output power of every CCEPS was about 4 kW [11] .
In the single doping and end pumped slab the maximal energy storage density is on the end of the doped region in the slab, and the energy storage density in the center of the doped region is much lower. The total stored energy is confined. To enhance the total stored energy a possible solution is to increase the width of the slab or enhance the average energy storage density. As the width of slab increases the pumping-coupling system will become larger and the weight of the laser will increase. Another more advantageous method is to enhance the average energy storage density by optimizing the doping design, such as using the gradient doping design, which can significantly enhance the average energy storage density.
The composite YAG/Nd:YAG/YAG ceramic slab with two different doping concentrations was designed and fabricated in this study. Under a total diode pump power of 18.06 kW, the doublepass extracted power in the laser amplifier was 7.08 kW (CW) and the optical-to-optical conversion efficiency increased to 39.2%. At the maximum output power, the depolarization of single-pass transmission was about 3.2% and the peak and valley (PV) of transmission wave-front distortion among the 26.1 mm region in the width direction of the slab was less than 0.5 μm.
Design of Composite Ceramic Slab
For the symmetrical end-pumped laser slab the pump power density absorbed by the laser slab along the length direction of the laser slab can be expressed as
where I 0 is the injected pumping power intensity on each end surface; α(z), α(u) and α(v) are absorption coefficients to pumping light at coordinates z, u and v respectively along the length direction of the slab; and L 0 is the total length of the doped region. The absorption efficiency can be expressed as
According to (1) and (2), we know that the pump power density absorbed by the laser slab decreases from the end to the center in the single concentration doping slab, and the absorbed power density in the slab center is only about 42.5% of the maximum while the absorption efficiency is 95%.
The schematic diagram of the structure of the composite YAG/Nd:YAG/YAG ceramic slab is shown in Fig. 1 . The energy storage density in the center of the length and the total stored energy of the slab can be enhanced effectively by segmented doping, while the doping length and the doping concentration of every doped segment should be designed accurately. According to Beer-Lambert law, the pumping intensity in the composite YAG/Nd:YAG/YAG ceramic slab can be expressed as
where α 1 and L 1 are the absorption coefficient and length respectively of the low doping concentration region; α 2 and L 2 are the absorption coefficient and length respectively of the high doping concentration region. According to (3) we know that the maximal absorbed pump power density is on the four interfaces labeled on Fig. 1 . To obtain maximal stored energy the absorbed pump power densities on the four interfaces must be equivalent, which can be expressed as
The absorption efficiency is not less than 95%, which can be expressed as
According to (3) , (4) and (5), we find that the absorption efficiency will be higher than 95% and the heat deposition density on the four interface will be equivalent with following design:
When the thermal gradients in the length and width-directions are negligible, then the thermal analysis can be reduced to the one-dimensional case, and the temperature difference between the surface and the center of the slab can be expressed as
where t is the thickness of the slab; Q is the heat deposition density; and K is the thermal conductivity of the slab. The maximal temperature difference allowed between the surface and the center before thermal fracture occurs can be expressed as
where R is the thermal-shock parameter of the Nd:YAG ceramic [12] . When the safety factor is set to 0.5, the maximal heat deposition density can be expressed as
The heat deposition density on the four interfaces can be expressed as
where η h = 32% is the heat generating ratio of the Nd:YAG with extracting [13] . If the total pump power is represented as P , and the coupling efficiency of the coupling system is represented as η c , then the width and the thickness of the slab are represented as ω and t respectively, and (9) can be rewritten as
According to (8) and (10), the maximal total pump power can be expressed as
According to (11), we know that the maximal pump power is proportional to the width of the slab and inversely proportional to the thickness of the slab. The slab can bear a higher pump power when the thickness is reduced, but it may lead to the decrease of the coupling efficiency and the increase of the diffraction loss at the same time. Based on the absorption coefficient and length of the doping region, the thermal-shock parameter, the heat generating ratio, and the pumping coupling efficiency, we can calculate the maximal total pump power as higher than 20 kW when the ratio of width to thickness of the slab is set to 12.
The Fresnel number in the thickness direction of slab can be expressed as
where t is the thickness of the slab; λ is the laser wavelength; and L e is the effective length of the slab in zigzag propagation [14] . To minimize the diffraction losses the Fresnel number of the slab must be on the order 10 or larger. The normalized energy storage density in the length direction of the single concentration doping and dual concentration doping slab are shown in Fig. 2 . According to Fig. 2 , we can see that the design of dual concentration doping enhances the energy storage density of the center region. The average of energy storage density in the dual concentration doping slab is 77.1% of the maximum, while the average of energy storage density in the single concentration doping slab is only 60.5% of the maximum, so the design of dual concentration doping can effectively enhance the average energy storage density and total energy storage.
Experimental Results and Brief Analysis
Based on the theoretical design of the doping concentration and the doping length, the YAG/Nd:YAG/YAG composite ceramic slab with a length of 150.2 mm, a width of 30.0 mm and a thickness of 2.5 mm was fabricated by the vacuum sintering process. The composite ceramic slab is fabricated in the green-state and co-sintered, and the doping profile at the interface of different regions is smooth because of diffusion during co-sintered process. According to (12), we can calculate the Fresnel number to be about 8, so the diffraction losses is not serious. We measured the combined absorption and scattering loss of the ceramic slab as follows: the detecting laser had a diameter of about 2 mm and power of 2.84 W at 1064 nm and was normally incident onto the end surface of the ceramic slab (there was no antireflection coating on the end surface of the ceramic slab). The transmission optical path is shown as the red or green line in the Fig. 3 , the angle of reflection on the top and bottom surface is 45°with normal incidence, so the transmission optical path length can be expressed as
When L = 150.2 mm, t = 2.5 mm, then we can calculate the transmission optical path length to be 20.9 cm.
The transmissivity in the width direction measured in our experiment is shown as Table 1 . The refractive index of the 0.1 at.% doped Nd:YAG ceramic at 1064 nm is about 1.817. Using the Fresnel equation we can calculate the transmissivity between the ceramic slab and the air interface to be 91.6% with normal incidence. According to the average transmissivity measured in our experiment and the transmission path length, we can calculate the average coefficient for transmission loss in the YAG/Nd:YAG/YAG composite ceramic slab to be only about 0.0017 cm −1 . The composite ceramic slab is fabricated in the green-state and co-sintered, there is no interface and reflection loss in the ceramic slab, then the average value of the extinction coefficient is very low.
The propagating schematic diagram of the laser beam in slab is shown in Fig. 3 . According to geometrical optics the constraint condition that the laser beam doesn't split on the slab end surface can be expressed as
where L is the total length of the slab; t is the thickness of the slab; M is the periodicity number of the laser beam propagating in the zigzag slab; and β is the angle of refraction on the top and bottom surface. According to geometrical optics the filling factor can be expressed as where L s is the overlap length; L b is the bounce length on the top and bottom surface; γ is the angle of refraction on the end surface [15] . A 3 μm thick SiO 2 coating is deposited on the top and bottom surface of the slab, and the critical angle of the total internal reflection on the YAG/SiO 2 interface is about 53°. The appropriate angles of incidence can be calculated according to (14) , and the appropriate angle of incidence on the end surface is shown in Table 2 when the length and thickness of the laser ceramic slab are 150.2 mm and 2.5 mm respectively. The total diode pump power and the absorption efficiency at different currents for the YAG/Nd:YAG/YAG composite ceramic slab measured in experiment are shown in Fig. 4 . The pumping coupling system is collimated beam expander in the slow axis and focused in the fast axis: the ratio of beam expansion in the slow axis is about 3.2 (the focal length of the eyepiece is 44 mm, and the focal length of the objective lens is 142 mm) and the focal length of focusing lens in the fast axis is 160 mm. The beam width of the laser diode bar in slow axis is about 10 mm and the width of the LDA in fast axis is about 56 mm, the center wavelength of the LDA pumping spectrum is 804.5 nm at 150 A. We measured the total pump power to be 18.06 kW with the coupling efficiency of 90.2% and the absorption efficiency of 95.8% when the working current of the diode was 150 A.
To measure the extracted power from the YAG/Nd:YAG/YAG composite ceramic slab, we used a seed laser with an aperture of 27.0 mm × 2.5 mm and a power of 3.68 kW incident on the ceramic slab according to two appropriate incident angles. We calculated the actual extracted laser power from the YAG/Nd:YAG/YAG composite ceramic slab by measuring the increased power of the seed laser in the double-pass laser amplifier.
The double-pass laser amplifier is shown as Fig. 5 , the mirrors M 1 , M 2 , M 3 and M 4 are planar holophotes, F 1 and F 2 are spherical lenses with focal lengths 340 mm, the incident angles of seed laser on the slab end surface are 45.0°and 31.2°respectively. The transmission efficiency of the seed laser in the double-pass amplifier measured in experiment was about 92.8%, so we can calculate the transmission loss of the single-pass to be 3.7%, and the equivalent coefficient for the transmission loss of the laser amplifier is about 0.0025 cm −1 . The incident power of the seed laser was 3.68 kW, so the incident laser intensity was about 5.46 kW/cm 2 and the transmission power of the seed laser after the double-pass was 3.42 kW.
We define the double-pass extracted power in the double-pass amplifier as the change of output power at the second-pass exit between pumping and non-pumping. The output power of the laser at the second-pass exit in our experiment changes with working time is shown in Fig. 6 . The working current of the LDA increased from 0 A to 150 A within 40 s, then LDA continued to work for 85 s at the current of 150 A, and finally the current of the LDA decreased from 150 A to 0 A within 20 s.
According to Fig. 6 we can see that the average output power at the second-pass exit was 10.50 kW. The double-pass extracted power in the laser amplifier was 7.08 kW by deducting the transmission power of the seed laser at the second-pass exit. The instability of the output power was less than ±1% while the current of LDA was 150 A in the duration of 85 s.
The double-pass extracted power of the YAG/Nd:YAG/YAG composite ceramic slab laser measured in our experiment and the optical-to-optical conversion efficiency calculated are shown in Fig. 7 . We can see that the double-pass extracted power in the laser amplifier was 7.08 kW and the optical-to-optical conversion efficiency was about 39.2% while the working current of the diode was 150 A (the total diode pump power was 18.06 kW).
We also measured the double-pass extracted power of the uniformly doped crystal slab (the entire size of the slab is also 150.2 mm × 30.0 mm × 2.5 mm, and the doped length is 130 mm) in the same laser amplifier: the double-pass extracted power was 4.32 kW when the total pump power of the LDA was 11.74 kW (the safety factor is also set to 0.5), and the optical-to-optical conversion efficiency was about 36.8% which is slightly lower than dual concentration doped slab.
We measured the temperature distribution of the composite slab by FLIR A320 thermal camera [16] , the thermal camera was placed above the slab and the precision was 0.1°C (FLIR A320 thermal camera was calibrated by pure water, which was 20.2°C measured by thermometer while 20.1°C measured by FLIR A320), the temperature of the cooling water in the copper micro channel heat sink was set to 20.0°C. The temperature distribution on the side of the YAG/Nd:YAG/YAG composite ceramic slab (the total diode pump power was 18.06 kW) is shown in Fig. 8 . The temperatures at the four interfaces were between 82°C and 86°C, which shows that the thermal deposition power density on the four interfaces was basically equivalent and the doping design meets expectations.
The depolarized intensity distribution of laser while the total diode pump power is 18.06 kW is shown in Fig. 9 (the intensity of white area is the strongest, which is saturated). We can see that the depolarization is smaller at the center area of the slab and larger at both sides, which may be caused by the smaller thermal stress at the center of the slab and the larger thermal stress at the both sides [17] .
The depolarization of YAG/Nd:YAG/YAG composite ceramic slab with double-pass extracting at different pump powers is shown in Fig. 10 . We can see that the depolarization of single-pass was less than 1.0% when the total pump power was lower than 10.72 kW (the working current of diode was 100A) and the depolarization increased slowly as the pump power increased. However, when the total pump power was higher than 10.72 kW the depolarization increased quickly as the pump power increased, and the depolarization of single-pass was about 3.2% while the total diode pump power was 18.06 kW (the working current of diode was 150 A). The transmission wave-front distortion of the YAG/Nd:YAG/YAG composite ceramic slab under the total pump power of 18.06 kW and sufficient extraction in the width direction is shown in Fig. 11 , and the PV of the transmission wave-front distortion among the center 26.1 mm region is less than 0.5 μm.
Conclusion
The theoretical design and experimental research on the YAG/Nd:YAG/YAG composite ceramic slab are demonstrated for high power laser amplifier operation. Under a total diode pump power of 18.06 kW, the maximal power up to 7.08 kW was extracted in a double-pass laser amplifier with dual concentration doping ceramic slab, the optical-to-optical conversion efficiency was 39.2%. At the maximal power output, the depolarization of a single-pass transmission was about 3.2% and the PV of the transmission wave-front distortion among the 26.1 mm region in the width direction of slab was less than 0.5 μm. Our experimental results show that the Nd:YAG composite ceramic laser slab with segmented doping can enhance the average of energy storage density with small depolarization of laser transmission. Therefore, the Nd:YAG ceramic slab has great potential and widespread area of application. To further enhance the average of energy storage density and the total energy storage, the design and research on a gradual-changing doped ceramic slab will be conducted in future.
